a b s t r a c t 2,4,6-Trinitrotoluene (TNT) metabolism was compared across salinity transects in Kahana Bay, a small tropical estuary on Oahu, HI. In surface water, TNT incorporation rates (range: 3e121 mg C L À1 d
Introduction
Chemical constituents of munitions, such as 2,4,6-Trinitrotoluene (TNT), hexadydro-1, 3, 3, and octahydro-1, 3, 5, 3, 5, can be found as anthropogenic contaminants in coastal environments due to military exercises and range activities, as well as in production facility effluent. Because many coastal ranges and military sites have to be decontaminated prior to return to the public sector, there has been recent interest in biodegradation and environmental fate and transport of these nitroenergetic compounds (see review by Bernstien and Ronen, 2012) .
Early studies on energetic compound residence time and transformations focused on differentiating enzymatic pathways and identification of chemical intermediates (see review by Spain et al., 2000) . Lignolytic fungi mineralize significant proportions of TNT to CO 2 (20e100%) but bacterial isolates tend to transform TNT to reduced compounds (e.g. DAT; Hawari et al., 2000) which could then sorb to soil and sediment organic matter (see review by Esteve-Nunez et al., 2001) . These findings led to the concept that bacteria would primarily transform TNT to intermediates which would then become abiotically 'humified' (Hawari et al., 2000; Knicker, 2003) . However, much of this work used monocultures from terrestrial and groundwater environments where microbial growth is often phosphorus limited. Bacterial assemblage growth in coastal environments is typically nitrogen limited and thus it is likely that an organic nitrogen source, such as TNT, would be scavenged (Montgomery et al., 2011a; Pomeroy, 1970) .
Recent surveys of coastal estuarine and marine sediment have demonstrated that natural assemblages can mineralize TNT at rates similar to those for other natural organic matter and on the same scale as heterotrophic bacterial production (Montgomery et al., 2011b) . Using natural assemblages from coastal estuarine sediment, Gallagher et al. (2010) recently reported that labeled TNT ring carbon and nitrogen becomes incorporated into bacterial DNA. While this and other findings (Ahmad and Hughes, 2002 ; and references therein) set precedence for TNT assimilation into bacterial biomass, they do not provide for an incorporation rate by natural assemblages. Work presented here examines the rate of TNT incorporation into bacterial macromolecules and biogeochemical factors that influence TNT residence time in a tropical estuarine ecosystem.
Methods

Sites and sampling
Subtidal stations were sampled during five events from 2006 to 2011 (Table 1) along a salinity transect from a cove along Kahana Stream, Oahu (freshwater end member), out of the mouth into Kahana Bay and to the Pacific Ocean (marine end member; Maciolek and Timbol, 1981) . Kahana Stream outflow is oligohaline (5 Practical Salinity Units (PSU) at the mouth) and typically mixes with more estuarine water over a shallow (0.5e1 m deep) shoal extending from the mouth into the bay. Dramatic differences in stream flow affect the freshwater end member salinity and mixing area location. Average daily stream flow (in ft 3 s
À1
) for the week prior to each sampling event was obtained from the USGS National Water Information System database (http://waterdata.usgs.gov/hi/nwis/current/?type¼flow). Surface water and sediment were collected by wading from shore while salinity was measured using a handheld refractometer (Fisher Scientific).
Carbon substrate incorporation and mineralization
For aqueous samples, incorporation of radiolabeled substrate carbon into bacterial macromolecules was measured at in situ temperature in the dark by TCA precipitation (Kirchman et al., 1985) as described in Montgomery et al. (2008 initiated within 2 h of sample collection by adding surface water (5 mL) to each set of four tubes per station and incubated at in situ temperature in the dark. Ice-cold TCA (final concentration ¼ 5% v/v) was added to one tube of each set as a killed control and to end live incubations after 48 h. Samples were then filtered (Nuclepore polycarbonate filters, 0.22 mm nom. pore dia.), rinsed twice with 5% TCA and once with 80% ethanol (5 mL each rinse) prior to radioassay (Beckman LS6500 Liquid Scintillation Counter) to determine amount of energetic carbon that had become incorporated into the bacterial macromolecule precipitate on the filter. Mineralized 14 CO 2 was captured on NaOH-soaked filter papers suspended in the headspace of a separate set of replicate tubes. TCA added to end incubations also partitioned any remaining CO 2 from the aqueous sample into the headspace after incubating killed samples O/N prior to radioassay of filter traps. For sediment samples, mineralization rates were measured similarly to aqueous samples except that one mL wet volume of sediment was added to each tube along with filtered station water (0.45 mm nom. pore dia.; Acrodisk, Gelman; 0.5 mL) to form a slurry (Montgomery et al., 2010) . Also, instead of TCA, 2.0 mL of 2.0 M H 2 SO 4 was added to end incubations and partition remaining CO 2 into tube headspace and filter paper trap. For both incorporation and mineralization, radioassay values for killed incubations were subtracted from that of live incubations. Assay detection limit was 0.01 mg C kg
À1 for aqueous samples and average rates minus one standard deviation lower than this were considered below detection (BD).
Bacterial production and organotolerance
Bacterial production was measured using leucine incorporation (Kirchman et al., 1985; Smith and Azam, 1992) as adapted by Montgomery et al. (2010) . Briefly, an aliquot of wet sediment (50 mL) or surface water (1 mL) from each station was added to 2 mL microcentrifuge tubes (three live and one killed control) that were precharged with leucine, L- [4, H] (specific activity: 154 mCi mmol
À1
; final concentration ¼ 20 nM). For sediment, one mL of filtered bottom water (0.45 mm nom. pore dia.), collected at <1 m above the sedimentewater interface, was added to each tube and vortexed into a slurry. Samples were incubated (0.5 h for water, 2 h for sediment) at in situ temperature and subsequently processed by the method above. Values for killed controls were subtracted from those of live samples. Using a syringe, 1 cm 3 of wet sediment was placed in cleaned tin dishes and dried (O/N, 50 C) and the dry sediment mass was then used to convert production to dry weight. Finally, leucine incorporation rate into cellular macromolecules was converted to bacterial carbon production using the theoretical minimum 2-fold isotopic dilution factor as determined by Simon and Azam (1989) . Assay detection limit was 0.01 mg C kg À1 sediment d À1 and average rates minus one standard deviation below this were considered BD. Organotolerance was measured by addition of naphthalene to this bacterial production assay according to the method of Montgomery et al. (2010) .
Dissolved organic carbon
DOC was quantified by wet chemical oxidation on 2 mL sample volumes, using concentrated and cleaned sodium persulfate (Osburn and St-Jean, 2007) . Assay detection limit via this method was 12 mmol C L À1 (0.14 mg C L
À1
) and reproducibility was <5%. Potassium hydrogen phthalate was used as a calibration standard for DOC concentrations over a range of 83e1666 mM.
HIX and BIX
Relative aromatic character of DOC was measured by its absorptive and fluorescent properties. Spectral absorption (200e800 nm) was measured using a Varian 300UV spectrophotometer and excitation-emission matrix (EEM) fluorescence using a Varian Eclipse spectrofluorometer on 0.2 mm (nom. pore dia.) filtrates from water samples. Excitation (Ex) wavelengths were sampled from 240 to 450 nm at 5 nm intervals and emission (Em) wavelengths were sampled from 300 to 600 nm at 2 nm intervals. Biological index (BIX) was calculated using the ratio of emission intensities at 380 nm and 430 nm at an excitation of 310 nm (Huguet et al., 2009) . BIX values >1.0 correspond to freshly produced DOM of algal or bacterial origin, whereas values <0.6 indicate little freshly produced material. Humification generally increases the aromaticity of DOM, and this was estimated with a humification index, HIX, calculated from the ratio of two integrated emission wavebands: 435e 480 nm to 300e345 nm, at 255 nm (Zsolnay et al., 1999) . HIX values <10 correspond to relatively non-humified DOM (Birdwell and Engel, 2009 ) and generally increase with degradation. HIX also shows a direct correlation with aromaticity and is inversely correlated with carbohydrate content (Kalbitz et al., 2003) . Optical data processing was performed using in-house codes written in the Matlab Ò computing environment (Mathworks, Inc.).
Mixing experiment
A mixing experiment was performed by combining 10 L of each end member (2, 35 PSU) in 20 L carboys, as well as, maintaining two 20 L control treatments of each end member at ambient lab temperature. All three incubations were subsampled for bacterial production, mineralization (TNT, naphthalene and phenanthrene), as well as fluorescence. Subsamples were drawn at initiation of the experiment (T 0 ) and after 48 h (T 48 ) though mineralization rates were only determined for T 0 mix and end members because assay incubation time was 48 h.
Results and discussion
TNT incorporation
One fate of aromatic organic carbon metabolized by bacteria is incorporation into bacterial macromolecules (e.g. proteins, DNA, lipids, complex carbohydrates). In surface water, incorporation rates of TNT ring carbon (range: 3e121 mg C L À1 d À1 ) were often 1e 2 orders of magnitude higher than mineralization rates (0.07e
, suggesting that TNT may provide organic nitrogen to coastal microbial assemblages (Table 2) . TNT incorporation rates were often an order of magnitude more rapid than
and two orders more than HMX Table 3 ). During average or high stream flow, TNT incorporation by surface water assemblages was most rapid at the stream end member and generally decreased with increasing salinity though little pattern was seen during low flow (Table 2 ). Highest rate of TNT incorporation was measured during average stream flow conditions (August-06; Table 2 ) at what appeared to be a frontal boundary between stream and seawater (10 PSU station). The possible role and underlying mechanisms by which a frontal boundary may provide the conditions to enhance ) for the week prior to the sampling and historical (53 year average) USGS data for the Kahana Stream for those same dates; range of daily mean flow of the Kahana Stream, as well as, the flow of the week prior to the sampling relative to the historic data for those dates (relative percentage increase or decrease from 53 year average for the week). bacterial TNT incorporation is discussed later (i.e. Section 3.4 Mixing experiment). Though TNT incorporation rates into bacterial biomass are rarely reported, there is a literature precedent for TNT incorporation relative to mineralization amongst natural bacterial assemblages. Gallagher et al. (2010) recently used stable isotopically labeled ( 13 C, 15 N; stable isotope probing (SIP) method) TNT to determine that both the ring carbon and nitro groups were incorporated in bacterial DNA and they were subsequently able to identify genotypes of the assemblage involved in TNT metabolism in estuarine sediment. Incorporation rates calculated from data provided in various reports range from 4 to 4620 mg C L À1 d À1 for laboratory bacterial and fungal isolates, as well as mixed assemblages (Kim et al., 2002; Kim and Song, 2003; Kroger et al., 2004; PastiGrigsby et al., 1996) .
TNT mineralization
Another fate of TNT ring carbon is that it can be mineralized to carbon dioxide and respired for energy. In surface water, TNT
, and naph- Tables 2e4). TNT mineralization rates reported here were relatively low based on other reports for aqueous cultures and mixed assemblages of bacteria and fungi Kim et al., 2002; Kim and Song, 2003; Kroger et al., 2004; Montgomery et al., 2011a,b; Oh et al., 2003; Pasti-Grigsby et al., 1996; Walker et al., 2006) . Surface water TNT mineralization rates were generally higher across transect when stream flow was higher than normal with 9 of 12 stations above detection (May-06, August-11) compared with only 2 of 11 stations when stream flow was below normal (August-07, July-10; Tables 2 and 4). Higher stream flow is expected to increase estuarine mixing along transect and flush more aromatic organic carbon into Kahana Bay. This would likely increase rate organic carbon metabolism, however elevated bacterial production was not observed. Kahana Bay can be highly stratified and anoxic in many areas during low flow (Maciolek and Timbol, 1981) and though DO concentration was not measured here, such low DO conditions are known to reduce mineralization rates of other aromatic organics like PAHs (Boyd et al., 2005) .
These high incorporation rates, relative to mineralization, and SIP results (Gallagher et al., 2010) suggest that TNT may be predominantly metabolized by bacteria as an organic carbon and nitrogen source for macromolecular synthesis rather than catabolized for energy. It is metabolically expensive to oxidize organic nitrogen when it can be more directly incorporated into nitrogen- Table 3 Kahana Bay surface water was sampled during August 2007 (low stream flow) and measured for rate (AVG (SD) mg C L À1 d À1 ) of bacterial production and TNT, RDX, and HMX incorporation and mineralization with calculated incorporation efficiency (%) and ratios of incorporation and mineralization to production. BD ¼ Below detection. ND ¼ Not determined.
Salinity (PSU)
Bacterial production
Incorporation rate containing cellular constituents, such as amino and nucleic acids. As such, organic nitrogen sources like amino acids often have incorporation efficiencies exceeding 90% amongst estuarine assemblages (Kirchman et al., 1985) . In fact, with most TNT incorporation efficiencies exceeding 98%, it is possible that mineralization rates measured here were actually remineralization of radiolabel that has been incorporated into bacterial biomass and then metabolized and subsequently respired by bacterial grazers. Clark and Boopathy (2007) reported that TNT incorporation relative to mineralization was between 50 and 67% for a soil microcosm assemblage but these were 49 d experiments so the calculated incorporation efficiency is very conservative due to the remineralization issue which would be exacerbated with lengthy incubation time.
In sediment, TNT mineralization rates (0.78e2.4 mg C kg
were higher than those detected for naphthalene (0.09e
) and phenanthrene (0.18e0.87 mg C kg once normalized for bacterial production, the highest ratios of mineralization/production were at mid salinity (19 PSU at low flow, 18 PSU at high flow; Table 5 ). Normalization to bacterial production removes variations in the transect trend that are due solely to differences in overall heterotrophic growth rates. The ratio of mineralization to production generally increased from 0.009 at 2 PSU to 0.024 at 18 PSU (August 2011; Table 5 ) which may reflect increasing oligotrophy along transect as this is known to lower bacterial growth efficiency on a given substrate (del Giorgio et al., 1997) . It is also possible that despite lower overall heterotrophic activity (and microbial standing stock) in this mobile, sandy sediment, there may be disproportionately higher capacity to mineralize aromatic organic matter amongst the diverse microbial assemblage in this niche (Rocha, 2008 ).
Organotolerance
Bacterial cell membrane composition can change to maintain integrity over varying environmental conditions including exposure to nonpolar organics or osmotic shock (e.g. organotolerance). Assemblages that are entrained along frontal boundaries between freshwater and marine water masses or are found in other estuarine mixing zones may be challenged by rapidly changing ionic composition in the surrounding water. Such mixing of water masses can occur on the shoal at the Kahana Stream mouth (Fig. 1,  inset) . Naphthalene inhibition of bacterial production was used as a relative measure of organotolerance for surface water assemblages along the August 2011 transect. Effect on bacterial production generally did not change above 5 mg mL À1 addition of naphthalene but comparing the effect at 5 mg mL À1 , the marine assemblage was most sensitive to naphthalene addition (organosensitive; inhibited 37%) and the freshwater assemblage most organotolerant (inhibited À26%; Fig. 2 ). In fact, bacterial production with the 2 PSU assemblage was actually stimulated by addition of naphthalene. The only other report of naphthalene stimulating bacterial production in the organotolerance assay is in sediment chronically exposed to low molecular weight organics from pulp mill effluent (Montgomery et al., 2010) . The 5 PSU assemblage was second most organotolerant (inhibited 13%) while stations 9e25 PSU were intermediate between that see for 5 and 35 PSU. Though it was unexpected that the intermediate salinities did not demonstrate greater organotolerance, it is interesting that organotolerance generally decreased with salinity. This pattern for this Table 4 Kahana Bay surface water was sampled during August 2011 (high stream flow) and measured for rate (AVG (SD) 
) of TNT, naphthalene (NAH) and phenanthrene (PHE) mineralization and bacterial production with calculated ratio of mineralization to production. BD ¼ Below detection. ND ¼ Not determined. Table 5 Kahana Bay sediment was sampled during July 2010 (low stream flow) and August 2011 (high flow) and measured for rate (AVG (SD) mg C kg
) of TNT, naphthalene (NAH) and phenanthrene (PHE) mineralization and bacterial production with calculated ratio of mineralization to production. BD ¼ Below detection. ND ¼ Not determined.
Mineralization/production Table 2 ). It may be that an organotolerant bacterial assemblage is better able to incorporate and metabolize aromatic organics like TNT.
Mixing experiment
Overall heterotrophic bacterial production ranged from 1.72 to
À1 in surface water and from 26 to 257 mg kg (Tables 2, 4 and 5). During 3 of 4 samplings, the most rapid surface water production rates were at intermediate salinity (8e18 PSU; Tables 2 and 4) which were sampled from a mixing area between freshwater and marine water masses. To further examine the effect of water mass mixing on bacterial production and aromatic carbon mineralization, Kahana Stream (2 PSU) and marine end members (35 PSU) were mixed and rates of bacterial production and mineralization of TNT, naphthalene and phenanthrene were measured after 48 h. Mixing water samples from stream and marine end members appeared to increase mineralization rate of TNT and phenanthrene and eventually bacterial production, as well (48 h incubation, Table 6 ). Bacterial production was initially (T 0 ) 38% lower in the 2/35 mix than the average of 2 and 35 PSU but then was increased to 62% higher than those end member averages after 48 h (T 48 ; Table 6 ). This suggests that the effect of mixing on heterotrophic activity is time dependent with growth initially depressed possibility due to osmotic shock to the assemblage. The remaining assemblage may then recover to grow more rapidly than that seen with the end members (after 48 h, in this case). Because the mineralization assay incubation time was 48 h, it was not possible to examine such time dependent effects on TNT, phenanthrene and naphthalene metabolism. However, both TNT and phenanthrene mineralization were higher (33% and 68%, respectively) in the 2/35 mixed treatment than the average of end member rates. Naphthalene mineralization was BD for both the 2/ 35 mix and 35 PSU end member. It may not be possible to directly compare results of the mixed treatment to rates from those of similar salinity in the field because the residence time of the water mass at a particular salinity is not known and there is evidence (above) that these results are time dependent. However, it does appear that mixing the water masses of estuarine end members does have an effect on rates of bacterial metabolism or may be even bacterial growth efficiency on these substrates (Pradeep Ram et al., 2007) .
Transition zones between water masses often provide conditions of enhanced organic metabolism by providing steady supply of nutrients and rapidly removing built up waste products. One side of the front can provide organic matter, nutrients (e.g. nitrogen, iron) or conditions (e.g. light, temperature) that are limiting to microbial growth on the other side (Floodgate et al., 1981) . They can also inhibit lateral transport of organic particles and sediment which traps these materials and deposits them to the underlying sediment (Neill, 2009; and references therein) . Transition or mixing zones are known to enhance bacterial production (Borsheim, 1990) , remineralization of nutrients by zooplankton (Floodgate et al., 1981) , nitrogen cycling (Fogg et al., 1985) , and phytoplankton growth (Hyun and Kim, 2003) . Not only are these fronts important regulators of organic matter processing in the water column, but tidal fronts moving back and forth in the water column can strongly influence and enhance organic matter processing in sediment underlying the region of the passing front (Josefson and Conley, 1997) . By these mechanisms, these transition zones create biogeochemical conditions that have enhanced overall heterotrophic bacterial metabolism and mineralization of TNT and phenanthrene seen in this mixing experiment.
Dissolved organic carbon
Ambient DOC concentration in estuarine waters is a net result of mixing fresh and marine end members (conservative behavior) along with in situ production (e.g. primary production by phytoplankton) or removal (e.g. bacterial consumption, aggregation and settling of colloids; non-conservative behavior; Bianchi, 2007) . During a high flow sampling event (August 2011), DOC concentration was non-conservative with higher removal at low salinity than would be predicted from mixing of the Kahana Stream and Pacific Ocean (Fig. 3) . In addition, surface water bacterial production increased with DOC concentration suggesting that heterotrophic metabolism was organic carbon limited in this ecosystem (Fig. 4) . Though this is not unexpected for tropical estuaries (Pradeep Ram et al., 2003 , it does suggest that bacterial production may be responsible for DOC removal observed at lower salinity (5 PSU).
In addition to the relationship between bacterial metabolism and ambient DOC concentration in surface water, there may be effects of DOC quality or composition, as well. Humification index, HIX, is a DOC parameter that describes "freshness" of recent plant biomass (HIX < 5) or degree of humification (e.g. HIX 10e30 for soil DOM; Huguet et al., 2009 ). In the literature, HIX is positively correlated with aromaticity and, in Kahana Bay waters, shows a strong positive correlation with naphthalene mineralization (Fig. 5A ). Biological index, BIX, also is a derived DOC qualitative parameter from fluorescence signals specific to microbially derived humic substances, amino sugars, and proteins. Consequently, this parameter was negatively correlated with naphthalene mineralization in Kahana Bay (Fig. 5B) . One explanation is that the presence of aromatic-poor algal and microbial carbon is not supportive of microbial propensity to degrade aromatic organic molecules, such as PAHs or TNT. Rather, natural assemblages that are exposed to aromatic DOC (such as terrestrially derived lignin) have this capacity. This process partly explains the maintenance of heterotrophy in oligotrophic waters (del Giorgio and Cole, 1998) . Although TNT metabolism by natural bacterial assemblages was not a simple function of heterotrophic growth Table 6 Kahana Bay surface water was sampled during August 2011 and measured for rate (AVG (SD) 
) of bacterial production and TNT, naphthalene (NAH), and phenanthrene (PHE) mineralization with calculated ratios of mineralization to production. The 2 and 35 PSU end members were also mixed (50:50) to determine if there was any stimulation or depression of mineralization or production. Bacterial production was measured at the start of the experiment (T 0 ) and after 48 h (T 48 rate (production), it may be related to metabolism of other aromatic organic carbons.
Conclusions
Several researchers have recently suggested that biogeochemical parameters may have some control over TNT degradation in soil (Douglas et al., 2009 ) and marine sediment systems (Chappell et al., 2011) . This may also be the case for estuarine surface water and sediment as factors that control heterotrophic bacterial production and metabolism of aromatic organic carbon (e.g. DOC concentration and quality, water mass mixing) appear to influence TNT metabolism. Though much of the literature on TNT metabolism has focused on mineralization to CO 2 , incorporation into bacterial biomass appears to be a more significant process amongst natural assemblages. Both mineralization and incorporation rates need to be considered when evaluating attenuation and ecological risk of energetic compounds migrating through tropical estuarine ecosystems.
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